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VII 

CONTRIBUTIONS FROM THE ZOOLOGICAL LABORATORY OF 

THE MUSEUM OF COMPARATIVE ZOOLOGY, UNDER 

THE DIRECTION OF E. L. MARK, XXXIX. 

ON SOME LAWS OF CLEAVAGE IN LIMAX. 

A PRELIMINARY NOTICE. 

By C. A. Kofoid. 

Communicated by E. L Mark, January 10, 1894. 

The following is a statement of the results obtained from the 
study of cleavage in Limax, and of the literature of cell lineage 
in other invertebrates. It is desirable to confirm my results by a 
study of cleavage in other forms before the publication of my 
final paper, and it has therefore seemed best not to defer the 
presentation of the conclusions to which I have arrived. 

A few words in regard to the usage of terms will be necessary. 
The egg is regarded as having the animal pole uppermost, and 
the terms right and left, upper and loioer, are used as resident in 
the egg itself. Or, to express it in another way, a miniature 
observer is imagined as placed in the principal (vertical) axis of 
the egg, with his head at the animal pole, facing the part or parts 
of the egg under discussion, and the terms right and left, upper 
and lower, are used as determined by this observer. By " a gen- 
eration of cells " is meant all those cells which are removed from 
the ovum by the same number of cell divisions, regardless of the 
time of appearance or position of such cells, i. e. the word is 
used in its literal sense. This is not the usage of Fol ('75) or 
Blochmann ('81), who employ the term in its literal sense with 
reference to the blastomeres through the four-cell stage, but 
thereafter use it to designate successive sets of four micromeres, 
naming them in the order of their appearance in time. 

As is well known, cells cleave in sets of fours throughout the 
spiral period of cleavage. The cleavage of the individual cells 
of the set may be synchronous or successive, and the cleavage of 
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any given set may or may not coincide with that of the other 
sets of the same generation ; but whatever the modifications, each 
cell in its origin bears a close relation to three other cells, and 
these sets of four related cells of co-ordinate origin will be called 
quartets. During spiral cleavage the egg is made up of a num- 
ber of superposed quartets, and it may be compared to a house 
of as many stories, each story representing a single quartet of 
four cells. 

The regions of the cleaving egg occupied by the four blasto- 
rneres of the four-cell stage and their derivatives during the 
spiral period will be called quadrants, and the four primitive 
blastomeres and their respective derivatives will be designated 
by the letters a, b, c, d, taken in the order in which the hands 
of a clock move. In Nereis and Umbrella, these designate the 
left anterior, right anterior, right posterior, and left posterior 
quadrants respectively. 

The term spiral will be used to indicate the divergence imme- 
diately after cleavage of the centre of the nucleus of the upper 
one of two daughter cells from the vertical plane passing through 
the corresponding portion of the lower cell and the vertical axis 
of the egg. The spiral will be a right spiral when the divergence 
is toward the right (as defined above), and a left one when the 
divergence is toward the left. Or, using Blochmann's ('81) com- 
parison to the hands of a clock, when the egg is observed from the 
animal pole the spiral is a " right " one if the divergence of the 
upper cell is in the direction of the motion of the hands of the 
clock, a "left" spiral if the divergence is opposite the motion 
of the hands of the clock. By this method of nomenclature all 
those spirals whose spindles stand in similar positions with 
reference to the vertical axis are given the same name. 

It should be noted in this connection, that this divergence, 
or apparent shifting of cells, in Limax at least, is the result of 
the obliquity of the plane of division, and is predetermined by 
the position of the spindle. This fact, whatever may be the cause 
of the particular position of the spindle, is the immediate basis 
of the phenomenon termed the "spiral." The position of the 
spindle primarily determines the position of the daughter cells, 
though mechanical environment may secondarily modify that 
position. 

The nomenclature of spirals as followed by Blochmann ('81), 
Lang ('84), Wilson ('92), Heymons ('93), and others, presents no 
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constant basis of reference. Not only have these authors named 
homologous spirals differently, as Lang ('84, p. 325) and Heymons 
('93, p. 256), but no one of those named except possibly Lang has 
used the same method of naming all the spirals discussed. In 
some cases the lower cell of a pair of daughter cells is regarded 
as the fixed one, in other cases the upper cell is so regarded ; or, to 
express it differently, in some cases peripheral cells are regarded 
as fixed, in other cases axial ones. In general it seems to have 
been the custom to consider the larger of the daughter cells as 
fixed, and the budding smaller cell as the movable one. Two 
reasons may be cited for the employment of the relative size of 
the daughter cells as a basis for the nomenclature of the spiral. 
(1) The larger cell occupies more nearly the position of the 
mother cell, and it is therefore natural to regard the smaller 
cell as the movable one. (2) In the first spiral the larger cells 
(macromeres) are basal, and the micromeres upon them are there- 
fore regarded as the movable cells, and this basis adopted in the 
first spiral is suggested for other spirals. Though this refer- 
ence of the spiral to the relative size of the cell may furnish a 
logical basis for nomenclature of spirals where cleavage is un- 
equal, it cannot furnish one for those spirals, or eggs, in which 
cleavage is equal. Nor has this basis when once adopted been 
consistently followed in every case, — as, for example, in Wilson's 
paper on Nereis ('92). On page 391 he says : " A careful study 
of the embryo through these changes shows that all of the cell 
divisions conform to the spiral type. . . . It is also easily seen 
in the divisions of the secondary micromeres (a 2 , b 2 , c 2 , X). Each 
of them divides somewhat obliquely (cf. Figs. 25, 26, 33) so that 
one of the cells lies somewhat lower than the other, and in most 
cases the lower cell is obviously smaller than the upper. The 
difference in size is very great in the case of X and x', but is much 
less in the case of the others (a 21 , a 22 , Fig. 33). (In the speci- 
men shown in Figs. 25, 26, on the other hand, there is no appre- 
ciable difference in size, but I have never seen a case in which the 
upper cell is the smaller.) If this group of cells be followed 
around the embryo from right to left (against the hands of a 
watch), the upper (larger) cell always comes first ; i. e. the first 
division of the second group of micromeres takes place in a 
left-handed spiral, like the second division of the first set of 
micromeres." 
There is no escape from the conclusion that in this case the 
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cell of reference is the larger one, as it was in the case of the 
" third and fourth cleavages " (cf . Wilson, pp. 387 and 388). That 
it is the " larger " rather than the " upper " cell, will be seen when 
in Wilson's Fig. 21 (reproduced in outline in my Plate I. Fig. 5) 
we apply to the spirals foreshadowed in the spindles of the cells 
d l , X (= <P), and D, the method employed by him in naming this 
spiral (a 2 , b'\ c 2 , X). Following around the embryo from right to 
left the "upper " cell (indicated by the upper end of the spindle) 
comes first in all three cases, but the spirals are not all given the 
same name. The "larger" cell comes first in d 1 and X, and the 
spirals are called left-handed spirals. The smaller cell comes first 
in D, and the spiral is called a right-handed spiral (p. 391). — Let 
me call attention, in passing, to the fact that, in the system of 
nomenclature I have proposed, the three spirals above referred to 
would be given the same name. They would all be called right 
spirals, and in this similarity of name would be recognized the 
similarity of the position of spindles, and the fact that in passing 
from right to left the upper cell always comes first. The basis on 
which my system rests is not the varying size of the cells, but the 
more fundamental factor of position. — Up to this point in cleav- 
age Wilson has consistently used his system of nomenclature, 
but upon the next page (p. 392), in discussing the third division 
of the primary micromeres a 1 , b 1 , c 1 , d 1 , resulting in the formation 
of the cells a\ b\ c\ d\ and the rosette cells a 1 8 , b ls , c 13 , d ls , 
he abandons the larger cell as the basis of reference, as will be 
seen in the following quotation : " The four primary micromeres 
(a 1 , b 1 , c 1 , d 1 ) bud forth four small cells at their inner angles (at 
the upper pole) which arrange themselves in a very regular apical 
rosette, the cells of which alternate with the central micromeres 
(Figs. 27, 28, etc.). The position of the spindles is the same as 
in the first division of a 1 , b 1 , c 1 , d 1 ; i. e. the division follows a 
right-handed spiral, but the character of the division is very 
different since the smaller cells are formed at the central instead 
of the peripheral angles of the cells (i. e. towards instead of 
away from the vertical axis of the embryo)." In this case the 
fact that " the position of the spindles is the same " is cited as 
a basis on which the spiral is named. In my Fig. 6, Plate I., is 
reproduced in outline Fig. 25, Plate XV., of Wilson's paper. If we 
apply to the cells c 1 and c ls the test mentioned by Wilson on 
page 391, and name the spiral according to the size of the cell 
that "comes first," we must call it, not a right-hand, but a left- 
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hand spiral. This is the only case in which the similarity 
of the position of the spindles is recognized as a factor in the 
nomenclature of spirals. By this change in the basis of nomen- 
clature he has recognized the interesting fact that there exists in 
the three successive divisions of the primary micromeres (a 1 , b 1 , 
c\ d 1 ) an alternation in the direction of the spirals. 

This alternation, as described and named by him, is inde- 
pendent of that which exists in the first three divisions of the 
macromeres. It belongs to an entirely separate system, and its 
relation to successive generations of cells is neither suggested 
nor discussed. 

Not only does the system of nomenclature based on the size of 
the cells fail to furnish a logical basis for cases of equal cleavage, 
but it also fails to furnish such a basis for the comparison of 
cleavage in different forms, for the cells in which the yolk is' 
lodged in the progress of cleavage are by no means homologous 
cells in different species (cf. Nereis, Neritina, and Umbrella). 
It therefore seems to me very much more logical to base the 
nomenclature of spirals upon constant spatial relations than upon 
the relative sizes of the daughter cells, which are inconstant, or 
upon the apparent greater shifting of one of the daughter cells 
referred to no constant plane. 

The student of cell lineage finds his task much complicated by 
the various systems of nomenclature already employed, and it 
seems a pity to introduce still another to add to the confusion. 
But as all systems heretofore employed fail to recognize the 
fundamental importance of sucessive generations of cells, and as 
these are the basis of my treatment of the subject, it has been 
impossible to adopt any of the existing systems. At the same 
time, it is believed that the system proposed, resting as it does 
upon generations of cells, is adapted to all forms of spiral and 
radial cleavage, and will furnish a satisfactory and convenient 
means of comparison in these cases. Its applicability to spiral 
cleavage will now be discussed more fully. 

Each individual cell of an egg in spiral cleavage can be traced 
back to one of the four blastomeres a, b, c, d, i. e. it belongs to a 
definite quadrant. It also belongs to a definite quartet or " story " 
of the egg ; it is likewise removed from the ovum by a definite 
number of cell divisions, i. e. belongs to a definite generation. 

Any system of nomenclature involving these three factors will 
both localize the cell and outline its ancestry. Each cell of the 
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spiral period of cleavage may therefore be designated by three 
characters : (1) a letter, as a, b, c, d, indicating the quadrant ; 
(2) a first exponent indicating the generation, as a*; a 6 ; etc. ; (3) a 
second exponent indicating the quartet or story, as a*- 1 , a 4-2 , a 7,16 , 
etc. Generations are numbered starting with the ovum as the 
first generation. The number of cells doubles with each succeed- 
ing generation, and after the third generation, i. e. after the 
four-cell stage or the first quartet, the number of quartets is also 
doubled. The quartets or stories are numbered from the vegeta- 
tive toward the animal pole. Thus in the eight-cell stage the 
lower quartet is designated by the exponent 1, and the upper 
quartet by the exponent 2. This principle is followed in the 
nomenclature of all quartets. During the period of spiral cleav- 
age, the two daughter cells (or quartets) resulting from the 
cleavage of any given cell (or quartet) never lie in the same plane, 
and the lower cell (or quartet) of the two is always designated 
by an odd exponent and the upper by an even one. Thus, when 
a 6 - 8 ( — d b,s ) divides, the resulting cells (quartets) are a 6 - 6 ( — d 6 - 5 ) 
and a 6 - 6 ( — d M ), the latter being nearer the animal pole. The 
second exponent of the upper daughter cell is always twice the 
corresponding exponent of the mother cell, and that of the lower 
cell twice less one. The quartets are thus designated as though 
all the quartets of their generation were actually present, a con- 
dition rarely realized in later generations ; however, these quar- 
tets are potentially present, being represented by their ancestors 
or descendants, and no confusion need arise over this point. 

The following is a scheme of the nomenclature through the 
sixth generation : — 



First. 


Second. 


Third. 


Fourth. 


Fifth. 


Sixth. 


abed 1 


1 ab 2 

\ a* 


IS) 


< 


■ a *.2_ d 4.2 

a^-d*- 1 


( a 6-4 _ a-5-4 

j'a 6 - 2 -«* 6 - 2 
( a 6 - 1 - d 5 - 1 


( a 6 - 8 - d e 
1 a 6 -' - a" 6 
J a 6 - 6 -a! 6 
}a e - 6 -d 6 
ja 6 -*-rf 6 
\a e - s -d 6 
( a 6 - 2 - <f 
{ a 6 - 1 - d 6 


8 
7 
6 
5 
4 
3 
2 
1 


1 cell. 


2 cells. 


4 cells. 


8 cells. 


16 cells. 


32 cells. 
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The advantages of this system are as follows. (1) It does not 
involve the confusion of designating two or more different cells 
by the same characters, as is the case when a daughter cell is 
given the same designation that the mother cell had ; e. g. when 
the macromere A divides, and the derivatives are named A 
and a 1 and the same- designation is employed for the basal cell 
in the succeeding divisions. (2) Never more than two ex- 
ponents need be employed, and practically the limit of three 
figures is not exceeded. We thus avoid the cumbersome and 
confusing exponents which characterize the late periods of 
cleavage in other systems ; e. g. «" L2 .i of Heymons ('93, p. 259, 
Taf. XV. Fig. 20) becomes a 9 - 26 . (3) The designation affords 
some clue to the relative position of the cell and the quartet to 
which it belongs. Thus the quartet with the second exponent 1 
is always at the vegetative pole of the egg. The apical quartet 
is always designated by one of the even numbers 2, 4, 8, 16, 32, 
etc. The exponents of any cell give a hint as to the designation of 
the adjoining cells. Thus, ft 6 - 8 of Figure 3 (Plate I.) lies in contact 
with a 6 - 8 and & 6-s and &*•*. (4) The derivation of a cell is implied 
in its designation in every case. Thus, b M is derived from the 
cell b of the fifth generation and fourth quartet, i. e. from b 6A , b SA 
from M-% and 6 4-2 from b 3 . The mother cell of any given cell is 
always designated (1) by the same letter, (2) by the first expo- 
nent of the daughter cell less one, (3) by one half of the second 
exponent when that exponent is even, or by one half the sum of 
the second exponent and one when it is odd. Thus, b"- 7 and b*- s are 
derived from 6 5 - 4 . In like manner, the designation of the mother 
cell determines that of the daughter cells ; for example, when 
J4.2 divides, the daughter cells are always designated as 6 5 - 8 and 
b 6,4 , whatever their position and relation to other cells or quartets. 
In typical cleavage they will be members of the third and fourth 
quartets from the vegetative pole. This typical condition is, how- 
ever, sometimes modified by delayed cleavage, or by the distribu- 
tion of the yolk. 

This system of nomenclature may also be extended to the 
cleavage of the bilateral period, and to the radial type of cleav- 
age. In the case of cleavage in a plane parallel to the equator, 
the upper and lower daughter cells may be designated as in the 
spiral period and type of cleavage. In meridional cleavages the 
right derivative may be designated by the even exponent and 
the left by the odd in the case of even generations, and the reverse 
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in the case of odd generations. Macromeres when present may 
be designated by capital letters, or any special quartet, as the 
" primary micromeres " may be distinguished by special forms of 
type without change of letter or exponents, or subordinate di- 
chotomous systems may be introduced for protoblasts and their 
progeny. 

My work upon Limax is as yet incomplete, but it is probable 
that at least through the thirty-six-cell stage the cleavage of 
Limax is identical, blastomere for blastomere, spiral for spiral, 
with that of Nereis. Beyond that stage I have not followed 
the cleavage. In the eggs of Limax agrestis the yolk is almost 
equally distributed, and cleavage is almost equal. Macromeres 
in the etymological sense do not exist after the eight-cell stage, 
and it is with difficulty that the poles of the egg can be dis- 
tinguished by the size of the blastomeres after the sixteen-cell 
stage. 

The discussion in Limax will be limited to the generations from 
the third to the sixth, inclusive. 

Third Generation. The cells (a, b, c, d) of the four-cell stage 
present the typical arrangement of the furrows at the vegetative 
and animal poles, and the spiral, as indicated by the obliquity 
of the spindles, must be called according to my nomenclature a 
left spiral, as Heymons ('93, p. 249) has called the similar spiral 
in Umbrella. 

The Fourth Generation is reached in the eight-cell stage by the 
formation of four macromeres (a 41 , b*\ c 41 , d iV ), and four micro- 
meres (a 42 , b*-\ e 4 - 2 , d*- 2 ), Plate I. Tig. 1. Each micromere as a 
result of the obliquity of the spindle lies above and to the right 
of the macromere which has a cognate origin with it, and the 
spiral is therefore a right spiral. 

Fifth Generation. The two quartets of the preceding genera- 
tion divide at about the same time, giving rise to the sixteen-cell 
stage composed of the four quartets a 51 - d sl , a 5 - 2 - d 52 , a 5 - 3 - d 6S , and 
a s.4_ £5* A n inspection of Plate I. Fig. 1, shows that the nuclear 
conditions of the first quartet are slightly in advance of those of 
the second quartet. Consequently in Limax the twelve-cell stage 
is abbreviated almost to obliteration, the egg passing from the 
eight- to the sixteen-cell stage without the intervention of a pro- 
nounced twelve-cell stage. This lateral view of the egg also 
shows that all of the spindles stand in a similar position with 
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reference to the vertical axis, i. e. the direction of their obliquity- 
is the same, so that if they should be spread out in a plane paral- 
lel with the vertical axis of the egg they would be approximately 
parallel to one another. The left aster is in every case the upper 
one ; and at the end of division the upper derivative will lie to 
the left of the lower one, not to the right, as in the preceding 
and in the following generation. The division of the cells will 
take place in a plane approximately at right angles to that of the 
preceding division, and approximately parallel to the one preced- 
ing that. This alternation of the direction of the spindles and 
planes of division in successive generations is a phenomenon inde- 
pendent of any system of nomenclature of " spirals." It is a 
factor, however, which in my opinion should be given weight in 
any system of nomenclature. If we give to the spiral of the 
second quartet the designation hitherto universally applied to it, 
we must call it a right spiral, and thus ignore the factor of alterna- 
tion, for that of the first quartet and same generation is called a 
left spiral. If, on the other hand, we recognize this similarity in 
the direction of the obliquity of the spindles of both quartets 
of this generation, we should give their spirals the same name. 
This is accomplished by referring the nomenclature of the spiral 
to the basis suggested in the preceding pages, i. e. by regarding 
the lower of the two daughter cells as fixed, the upper one as 
movable or diverging. In the case of the two dividing quartets 
under discussion the upper asters of both quartets are the left 
asters, and consequently of the daughter cells the upper is the 
left ; i. e. the direction of the divergence or rotation is toward the 
left, or opposite the direction in which the hands of a watch 
move, and the spirals in both quartets should be called left 
spirals. 

The Sixth Generation is produced by the division of the 
four quartets of the fifth generation, a 61 - d 61 , a 6 - 2 - d 62 , a 6 - 8 - d M , 
and a SA - d bi , which results in the formation of the eight quartets 
a M - d 61 , a 6 - 2 - d™, a M - d™, a 6 *- d« A , a 6 - 6 -^ 65 , a M - <f 6 , « 6 '- <f ', and 
a 6 - 8 - d R 8 . 

These divisions are not synchronous, however, neither are they 
all accomplished before the divisions resulting in the succeeding 
(seventh) generation begin ; for from this time on in the history 
of the egg successive generations of cells overlap one another, so 
that we find in the egg at the same time cells belonging to two 
or more generations. In every case the cell is designated as 
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though all the other cells of that quartet, and all other quartets 
of that generation, were actually present. Thus in Plate I. Fig. 3, 
the cell c 6 - 7 is the only one of its quartet actually formed, and 
only six of the eight quartets of the sixth generation have as yet 
arisen. The missing cells and quartets are of course represented 
in their ancestors of the fifth generation. The divisions of the 
quartets resulting in the sixth generation will be discussed in the 
order of their occurrence. 

First Quartet. The cells a^-d 51 divide, forming a el -d 61 and 
a 6. 2 _^6.2 (pi a te I. Figs. 2, 4). The cells of the latter (second 
exponent = 2) lie above and to the right of those of the former 
(second exponent = 1) with which they are associated (Plate I. 
Fig. 2). Therefore the spiral is a right spiral. In this genera- 
tion, as in the preceding, it will be observed that the basal quartet 
is the first to divide. 

Second Quartet. The cells of the quartet a 6,2 - d 6 - 2 divide, form- 
ing « 6 - 8 - d™ and a M - d°* (Plate I. Figs. 2, 3, 4), and, as in the pre- 
ceding quartet, every cell with an even exponent lies above and to 
the right of the one which was cognate with it, and which has an 
odd exponent. Therefore this spiral is also a right spiral. This 
division follows immediately upon that of the preceding (first) 
quartet, and results in the twenty-four-cell stage of Figure 2 
(Plate I.). In this stage the embryo is composed of sixteen cells 
of the sixth generation and eight of the fifth. 

The Fourth Quartet (a 6 - 4 - d iA ) divides, forming a 6 -?- d M and 
a e.8_ ^6.8 ; pi a t e i. pjg. 3. Here, as in the other divisions resulting 
in the sixth generation, the upper derivatives lie to the right of the 
corresponding lower derivative, and the spiral is a right spiral. 
It is a matter of importance to note that the quartet a SA -d st , 
whose cells are larger than those of its sister quartet a 6 - 8 -^ 6 - 8 , 
divides before the latter quartet does. Plate I. Fig. 3. 

Third Quartet. The division of a is -d iz results in forming 
a e5 -d M and a ee -d ie . This, like the other three, produces a right 
spiral. The division of this third quartet is begun before that 
of the fourth quartet is completed ; likewise, before the comple- 
tion of the division of this last quartet of the sixth generation, 
that resulting in the seventh generation begins, and this so far as 
followed has left spirals. Thus we see that in the cleavage of 
Limax there exists an alternation in the direction of the spirals in 
successive generations. The spirals of the even generations are 
right spirals, and those of the odd generations are left spirals. 
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Of the generations discussed, the fourth and sixth have right, 
the third and fifth have left spirals. This alternation of spirals 
apparently rests upon the more fundamental and wide-spread ten- 
dency of the spindle to take a position at right angles to that 
of the spindle of the previous division. This tendency can be 
traced from the last maturation spindle of the ovum through- 
out the spiral period and in some cases far into the bilateral 
period of cleavage, as in the development of the mesoderm in 
Umbrella (Heymons '93). The spiral period of cleavage pre- 
sents only slight mechanical impediment to the realization of 
this tendency, which therefore expresses itself here in the alter- 
nation of spirals. 

The system of nomenclature here employed for Limax makes 
it possible to correlate the two hitherto independent systems of 
alternation, that of the spirals of the macromeres and that of the 
micromeres, so often noted by writers on cell lineage (Wilson 
'92, pp. 378, 391, 439, and '93, p. 600). The alternation is now 
reduced to a single system, based on generations, which harmo- 
nizes all of the cleavages of spiral character. 

The law of alternation of spirals in successive generations 
is, I believe, applicable to all forms of spiral cleavage. At 
the present time we have two extensive papers of a recent 
date discussing cell lineage. That of Wilson ('92) carries the 
discussion through the fifty-eight-cell stage of Nereis, and that 
of Heymons ('93) through the ninety-one-cell stage of Umbrella. 
In both of these cases the law of alternation of spirals applies 
without a single exception, if the spirals are named on the basis 
proposed in this paper. According to Wilson ('92, p. 439), Conk- 
lin ('91, '92) has found in the cleavage of Crepidula a close 
resemblance to that of Nereis. Lillie ('93) has found a corre- 
sponding agreement in the cleavage of Unio. The law of alter- 
nation of spirals will then apply to Crepidula and Unio in so far 
as they conform to the cleavage of Nereis. In Nereis, Umbrella, 
and Limax we have forms presenting diverse conditions of devel- 
opment. We have one annelid, and two mollusks of widely sepa- 
rated genera, one land and two marine forms. In Nereis and 
Umbrella there is a large amount of yolk of a different nature 
and distribution in the two forms. They also present free larval 
stages, with different degrees of precocious development. In 
Limax there is very little food-yolk, and cleavage is almost equal. 
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The free larval stage is suppressed arid the spiral period of cleav- 
age persists for a long time, the fundaments of the organs appear- 
ing comparatively late in development. In the matter of the 
envelopes of the egg, the three forms present very diverse con- 
ditions ; yet in all these widely differing forms we find no break 
in the regular alternation of spirals in successive generations as 
I have defined them. Previous to the publication of Wilson's 
paper ('92) on Nereis, which has given such an impetus to the 
study of cytogeny, the results of a number of investigations 
appeared dealing more or less fully with the phenomena of 
spiral cleavage. Neither confirmation nor contradiction of an 
alternation of spirals implied or expressed in these papers can 
have the weight of the more recent work on this subject. The 
examination of the works of Lang ('84), Kowalevsky ('83), Bloch- 
mann ('81), Eabl ('79), Bobretsky ('77), and Fol ('75, '76) has 
convinced me, however, that the principle of alternating spirals 
is of wide, if not universal, applicability among the various forms 
studied by these authors. 

The number of cases in which the law is contradicted is sur- 
prisingly small. I shall deal with them more fully in my final 
paper, and for the present shall merely call attention to the nature 
of the more important contradictions. Some of them rest upon 
interpretations of the relations of cells which by implication or 
explicit statement of the author are conjectural, as in Kowalev- 
sky 's ('83) earlier and Metcalf's ('93) later work upon Chiton. 
Another kind of contradiction is found in two special cases : 
(1) in the condition leading to the eight-cell stage of Planor- 
bis, — a form with sinistral shell, — as described by Eabl ('79, 
Taf. XXXII. Pigs. 9, 10) ; and (2) in the corresponding stage of 
Janthina— a form with dextral shell (Fischer, '80-'87, p. 775) — 
according to Haddon ('82, Plate XXXI. Pig. 6). In both these 
cases, the spiral of the fourth generation, instead of being a 
right one, as in all other cases examined, is apparently a left 
one. These, however, do not necessarily present exceptions, for 
an alternation of spirals in successive generations may obtain 
even here, since the principle of alternation does not necessarily 
imply that the right spirals should in all forms give rise to the 
even generations. In other words, we may have in these two 
forms cases of " reversed cleavage." The decision of this point 
must be held in abeyance until further investigation can be made 
on these forms. Still other contradictions belong to a class which 
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ceases to be contradictory when the author's figures are relabelled, 
and thereby become better reconciled with each other as well as 
with the principle of the alternation of spirals. One such case is 
found in Lang's work on Discocoelis ('84, Taf. XXXV. Fig. 6), and 
another in Blochmann's paper on Neritina ('81). With the lat- 
ter I shall deal in this paper. It is only fair to note that Bloch- 
mann's work was that of a pioneer in the field of cell lineage, 
and it is therefore not strange that later observers, in the light of 
comparative study, find their results at variance with his ; as Wil- 
son and Conklin have in reference to the origin of the " cross " 
(Wilson, '92, p. 441). I shall take great liberties with Bloch- 
mann's work, and shall endeavor to show that the cleavage of 
Keritina, as figured by him, conforms to the law of alternation of 
spirals, and shall give such arguments as I can from internal evi- 
dence and theoretical considerations to support my interpretation ; 
but it is to be remembered that my conclusions remain hypotheti- 
cal until verified or disproved by renewed observation. Figures 
7-12 (Plate II.) are reproductions in outline respectively of Fig- 
ures 45-48, 50, and 51 (Taf. VII.) of Blochmann's paper ('81), with 
his labelling outside the limits of the figures and my own inside 
the same limits. 3STo exception is taken to his interpretation until 
the stage of Figure 10 is reached. Here I must differ radically 
from the author's interpretation of the relations of the two quar- 
tets a 3 -d 3 and aj-dj. The designations of the cells a s , d a l , d s , 
Oi, c S) b 2 \ 5 8 , (Zsj 1 , must all be shifted one place to the right; 
i. e. in the direction of the hands of the watch, as indicated by 
the long arrows outside the limits of the figure in Figure 10. In 
my interpretation the quartet a z -d s is the quartet designated as 
aj-dj, and vice versa. The change is made upon the following 
grounds. 

(1.) The spindle in the cell b, for example, Figures 8, 9, indi- 
cates that the cell b 3 (Fig. 8, = my d 6 - 2 ) will lie above and to the 
right of the cell b (my d*- 1 ), and perhaps higher (Figs. 9, 10) than 
the upper derivative (my d e - 4 ) of the cell b 2 (my d 6 -% and that it 
will lie in contact with that derivative (d* A ) and with the lower 
derivative (a 6 - 3 ) of the cell a 2 (my a 5 - 2 ). This is my interpreta- 
tion of the position of the cell b s , as foreshadowed by the spindles 
of Figures 8, 9. However, in Figure 10 Blochmann has placed 
the cell b s on the left side of the cell b, and in contact with 
a 2 : and b v a position directly contradictory to that indicated 
by the position of the spindle of the cell b in Figures 8, 9. 
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(2.) The spindle of the cell & 2 in Figures 8, 9, indicates that the 
products of its division will lie upon the upper left side of the cell 
b, the upper derivative being in contact with the cell b z and with the 
lower derivative. Blochmann's interpretation, on the other hand, 
throws the upper derivative completely out of the quadrant of 
the cell b, and over upon the cell c of an adjoining quadrant. The 
position of the cells a s -d s and a^-d^, as figured by Blochmann in 
Figure 10 can be explained only on the assumption of a rotation 
of both sets of spindles (or of the upper derivatives of the spin- 
dles) as shown in Figure 9 about ninety degrees to the left. The 
fact that he has not observed such a rotation renders its existence 
all the more improbable. 

There remains, however, important evidence in favor of Bloch- 
mann's view, namely the presence in the cells a 2 and c 2 of " eine 
' Anhaufung von kleinen stark lichtbrechenden Kornchen." After 
the cell divisions indicated in Figures 46, 47 (Plate II. Tigs. 8, 9), 
all of these granules are found in the cells a 2 ' and c 2 ', hence the 
idea of their derivation from the cells a 2 and c 2 . Such a view must 
presuppose (1) that in the equal division of the cells a 2 and c 2 all 
of these granules go to one of the supposed daughter cells, i. e. 
to a 2 x and c 2 J ; (2) that granules similar to those of the cells a 2 
and c 2 cannot arise in other cells derived, like a 2 and c 2 , from 
the macromeres. If, on the other hand, the view advanced here 
as to the interpretation of Figure 48 (Plate II. Fig. 10) is correct, 
we may suppose that in the equal division of the cells a 2 and c 2 the 
granules accumulated in them were shared by the two daughter 
cells o 2 and a s , c 2 and c s (using Blochmann's designations, but not 
his interpretation), and thus the granules were divided and be- 
came less conspicuous. At the same time the cells a 2 l and c 2 ' of 
the third set of micromeres, originating, as I believe they do, 
from the macromeres b and d, show granules similar to those of 
the cells a 2 and c 2 of the second set of micromeres. This may 
afford an escape from the dilemma as to the relation of these 
groups of cells in which Blochmann is placed by the contradic- 
tory evidence afforded on the one hand by the position of the 
spindles, on the other by the presence of the granules in the 
cells. 

With regard to the origin of the cells of the quartet a t n -d s n 

of Figure 50 (Plate II. Fig. 11), I wish to present a view which 

differs from that of the author. As the nomenclature indicates, 

he derives this group from his quartet aj-dj of Figure 48 (Plate 

vol. xxix. (n. s. xxi.) 13 
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II. Fig. 10). There are indications, however, that they were re- 
ally derived from the apical quartet <h.-d x ; for (1) their nuclei 
are nearer those of the apical quartet ; (2) the cells of the apical 
quartet are much smaller after the cells a^-dj 1 appear than be- 
fore ; (3) aj-dj have just arisen by a recent division, whereas 
some time has elapsed since the first division of the apical quartet, 
Figure 45 (Plate II. Fig. 7). If this interpretation holds, the cells 
«x and d 2 " result from the division of a lt while b± and a 2 n come 
from b, etc. The inner part of the "cross" would thus arise 
from the first group of micromeres and the outer part from the 
third group. These suggested changes reduce the cleavage of 
Neritina to complete agreement with that of Nereis, Umbrella, 
and Limax. 

Wilson ('92, p. 439) compares the cleavage of Nereis with that 
of the polyclad Discocoelis, and also with that of the gaster- 
opods — taking Neritina and Crepidula as types — as follows: 
" Up to a late stage in the spiral period (twenty-eight cells) ev- 
ery individual blastomere and every cell division [in Nereis] is 
represented by a corresponding blastomere and a corresponding 
cell division in the embryo of the polyclad and in that of the gas- 
teropod." This statement must imply, it seems to me, some 
other interpretation of the cleavage of Neritina than that given 
by Blochmann himself, although Wilson makes no statement to 
that effect, but on the contrary says (p. 442), " It is impossible to 
explain the differences between the annelidan and molluscan cross 
by assuming inaccuracy of observation oil Blochmann's part, since 
the pole cells of the lateral arms show a peculiar granulation 
that may be seen in the parent cells (a 2 - 2 , e 2 - 2 ) from which they 
rise." The reduction of Neritina to agreement with Nereis and 
Umbrella in the manner I have suggested brings it also into har- 
mony with the law of alternation of spirals, and this affords an- 
other presumption in favor of the correctness of the revision here 
proposed. That the spirals do alternate in Neritina can be seen on 
an examination of the short arrows indicating my interpretation 
of the genetic relation of the cells of Neritina (Plate II.). The 
arrows show the relation of the cells, the head of the arrow in 
every case lying in the derivative which, according to my inter- 
pretation, is the upper one. The following table will assist in the 
comparison of the two interpretations and the determination of 
the spirals. 
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Revised. 


Blochmann. 


Spiral. 


Nomenclature of 
Cells. 


Generation. 


Cell Stage. 


Nomenclature 
of Cells. 


Left . . . 


a 3 , b s , c z , d? 


3 


4 


a, b, c, d 


Riglit . . 


{Z>* } 


4 


8 


?>- 


Left . . . 
Left . . . 


{£>«-} 

{;">»-} 


5 


16 
12 


a2 >« 


Right . . 
Not figured. 
Right . . 

Right . . 




6 


28 

24 
20 


°dl"> a i 

a 2 ^° 2 
a ^ 


Left . . . 
Left . . . 


{£>«•■} 


7 


36 
36 


d/> a > 
dj -> d * 



Only two spiral cleavages of the seventh generation are figured. 

It will be noted that in Plate II. Fig. 10, the order in position 
of the quartets of the sixth generation taken from the vegetative 
toward the animal pole is as follows: a 4 - 1 - d", a 6 - 8 -d 6 - 8 , a 6 - 4 -^ 6 - 4 , 
and a 6 - 2 -<f 2 , instead of a ei -d el , a^-cP 2 , a 6s -d 6s , and a 6 *-d«-*, 
as in Limax, Plate I. Fig. 2. This change in the succession of 
quartets is due to the fact that in Keritina the quartet a 6 2 - d 6 - 2 by- 
virtue of the spiral occupies a position in the furrows between the 
macromeres a 61 - d 61 . Therefore, when the cleavages resulting in 
the sixth generation take place, the upper derivatives (a 6 - 2 - e?") of 
the quartet a B1 ^- d B1 come to occupy a position nearer the animal 
pole than the upper derivatives (a ei -d eA ) of the quartet a i2 -d 5i . 
The application of the system of nomenclature proposed in this 
paper is not thereby involved in difficulty, for the designation 
of the daughter cells is in all cases predetermined by that of 
the mother cell, according to the basis set forth on page 186, the 
upper derivative in every case receiving the even exponent and 
the lower one the odd. Thus, notwithstanding the secondary 
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changes induced in the position of the quartets by the accumu- 
lation of yolk in the basal quartet, the cells in Neritina retain 
the same nomenclature that is given to the homologous cells of a 
form such as Limax, presenting the typical undisturbed super- 
position of quartets. 

In all the literature examined there occurs but a single case 
where the position of an indicated spindle contradicts the princi- 
ple of alternation of spirals. This is found in Lang ('84, Taf. 34, 
Fig. 20) in the division of the cells ae x -de x , forming ae x -de^ and 
ae s - de t . Little can be said with regard to this except that we 
do not know the full nuclear history of this cleavage, and that it 
occurs at the close of the spiral period, immediately over the 
group of " Scheitelzellen " that has just sunk below the level of 
the remaining ectoderm. This may have produced secondary 
modifications in the direction of the spiral. 

It remains for me to speak of the influence of yolk upon cleav- 
age. Eeference to Plate I. Fig. 2, shows that in Limax the cell b l * 
belonging to the quartet of this generation, which is the last to 
divide, is a member of the smallest quartet of the fifth generation. 
It will further be seen that the order of the division of the quar- 
tets, viz. first, second, fourth, third, is also the order of size from 
largest to smallest, the quartet of largest cells, i. e. those presum- 
ably with the greatest amount of yolk being the first to divide 
in this generation, as it was also in the preceding generation. 
This phenomenon is by no means confined to Limax. It is found 
in a great variety of forms, and the greater the amount of the yolk 
the greater seems to be the tendency of the cells of the yolk-laden 
quartet to divide before those of the smaller quartets. This can 
be illustrated by a comparison of Figure 1 (Plate I.), which shows 
the egg of Limax approaching the sixteen-cell stage, and Figure 7 
(Plate II.), which shows Neritina approaching the same stage. In 
Limax there is little yolk, and the cleavage of the two quartets 
is almost coincident. In Neritina, however, where the yolk is 
more abundant, the lower quartet has divided, and its nuclei have 
assumed a " resting condition " before the cleavage of the upper 
quartet has fairly begun. Thus we have a well marked twelve- 
cell stage. The same tendency of the yolk-laden cells to cleave 
before the others is seen in the later stages of Neritina, and in- 
deed in many forms of Molluscan cleavage. It is also found in 
Nereis and Discoccelis. It is not, however, confined to the spiral 
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type of cleavage, for in Echinocyamus (Theel '92), where the 
cleavage is of the radial type, we find the meridional cleavages, 
which divide the quartets into " octets," starting with the fourth 
cleavage (eight- to sixteen-cell stage) at the vegetative pole, and 
reaching the apical quartet of the animal pole in the sixty-cell 
stage. Not only does the quartet having the largest cells divide 
first, but where there is an inequality in the size of the cells of 
a quartet, the largest cell or cells may divide first, as is the case 
in Discoccelis (Lang '84) and Unio (Lillie '93). In view of 
these facts I wish to raise the question as to the applicability to 
the individual cells of cleaving eggs of the law first formulated 
by Balfour ('75) and concisely expressed in his " Comparative 
Embryology " ('80, Vol. I. p. 95), as follows : " Where the yolk 
spherules are fewest, the active protoplasm is necessarily most 
concentrated, and we can lay down as a general law that the ve- 
locity of the segmentation in any part of the ovum is, roughly 
speaking, proportional to the concentration of the protoplasm 
there ; and that the size of the segments is inversely propor- 
tional to the concentration of the protoplasm. Thus the seg- 
ments produced from that part of an egg where the yolk spherules 
are most bulky, and where therefore the protoplasm is least con- 
centrated, are larger than the remaining segments, and their 
formation proceeds more slowly." 

It is true that, of two eggs otherwise similar, the one with the 
larger amount of yolk in general cleaves more slowly. For ex- 
ample, Umbrella, which has a large amount of yolk, requires four 
days to reach the stage attained by Limax in one day. But of 
two cells of Limax or Umbrella during the cleavage period, that 
one is the first to divide which is the larger and presumably has 
the greater amount of yolk, and which in Balfour's terms has its 
protoplasm less concentrated. Not only this, but in the cases 
cited the greater the amount of the yolk the greater is the ten- 
dency of the division of the yolk-laden cell to precede that of the 
cell with less yolk. There are, to be sure, many cases where 
Balfour's law actually applies, as in the frog's egg ; but do not the 
cases cited above, belonging as they do to numerous and widely 
distributed classes of animals, form an important exception to 
the law as he has formulated it ? A paradox is thus presented. 
Yolk appears to delay cleavage in the cells of the frog's egg, 
to hasten it in the cells of the snail's egg. Yolk also appears to 
delay the development of an organism as a whole (cf. Limax and 
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Umbrella) while it may (in Limax and Umbrella) at tbe same 
time apparently hasten the cleavage of those cells of the organ- 
ism in which it is more abundant. This apparent conflict of 
statements has its foundation in the hypothesis that the amount 
of yolk alone is the decisive factor in the determination of the 
rapidity of cleavage. But there are other factors to be consid- 
ered, especially the quality of both yolk and protoplasm, and in 
these there may ultimately be found some solution of the diffi- 
culty. In the case of the presumably undifferentiated blasto- 
meres of the cleavage stages of Limax (and Umbrella) the differ- 
ence in the rapidity of cleavage is apparently correlated with the 
greater or less absolute amount of protoplasm in the individual 
cells. The amount of protoplasm, in turn, is dependent on both 
the quality of the yolk and the activity of the protoplasm. The 
yolk, by contributing to the amount of protoplasm in the larger 
cells, may thus indirectly hasten their division. In this, how- 
ever, the appropriation of the yolk by the protoplasm is the im- 
portant factor, for in case the protoplasm fails to appropriate the 
yolk with sufficient rapidity, the division of the yolk-laden cell 
may be delayed as in the frog's egg. This delay may depend 
on either one or both of the two factors, — quality of protoplasm 
and quality of yolk. These same factors probably determine the 
differences in the rates of cleavage of different eggs. While this 
does not afford a solution of the difficulties encountered in at- 
tempting to harmonize the facts here presented with Balfour's 
law of cleavage as influenced by yolk, future inquiries in the 
direction suggested may lead to a better understanding of the 
factors determining the nature of cleavage.* 

Cambridge, Mass., December 22, 1893. 



* The substance of this paper was presented at the annual meeting of the 
American Morphological Society, in New Haven, Conn., December 29, 1893. 
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EXPLANATION OF PLATE I. 

Figures 1-4, Limax, drawn with camera lucida. 
Figure 1. Eight-cell stage from anterior end, X 375; p.g., polar globules; 
s.c, segmentation cavity. 
" 2. Twenty-four-cell stage from right side, X 375. 
" 3. Twenty-five-cell stage from the animal pole, X 375. 
" 4. Same egg from vegetative pole, X 375. 

Figures 5, 6, Nereis after Wilson ('92). 
" 5 After Plate XIV. Fig. 21, " Rear view of twenty-two-cell stage. 

Division of X, spindles of c s , d s ." 
" 6. After Plate XV. Fig. 25, " Thirty-two- (four-) cell stage, right side- 
view. Third spiral cleavage of a 1 , b\ c\ d 1 , in progress." 
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EXPLANATION OF PLATE II. 

Neritina after Blochmann ('81). 

The arrows, indicating the derivation of cells, and the nomenclature placed 
within the limits of the figures are mine; the rest of the nomenclature is repro- 
duced from Blochmann's figures. It is to be observed that his lettering, a, b, c, d, 
is from right to left, whereas my own is that generally accepted, — from left to 
right. The explanation of these figures is taken from Blochmann, and the term 
•' generation " is used in the sense in which he has employed it. 
Figure 7. Taf. VII. Fig. 45. " Formation of the cells of the sixth generation, 
"l 1 *i T c i' <V- Rbl, polar globules." 
" 8. Taf. VII. Fig. 46. " Formation of the cells of the seventh and 

eighth generations, a s b s c s d s and a 2 ! b 2 l c 2 l d 2 J ." 
" 9. Taf. VII. Fig. 47. " The same stage in profile." 
" 10. Taf. VII. Fig. 48. " Completed twenty-four-cell stage." The long 

arrows, indicating a change of interpretation, are mine. 
" 11. Taf. VII. Fig. 50. " Twenty-eight-cell stage ; a 2 " 6 2 " c 2 " <*«", cells 

of the ninth generation." 
" 12. Taf. VII. Fig. 51. " Thirty-six-cell stage ; vz derived from a 2 n , vz x 
from c 2 i [my 6 7-8 ], d 2 nl from d 2 1 , aj 1 from a g , etc. 
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